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a  b  s  t  r  a  c  t
This study  aimed  to explore  how  invasive  slug  populations  of Arion  vulgaris  inﬂuence  fer-
mentation  quality,  in-silo  losses  and  aerobic  stability  of  grass  silage,  and  the  efﬁciency  of
silage additives  and  wilting  to improve  the  quality  of silages  from  slug  contaminated  crops.
The effect  of  four levels,  including  control,  of a slug  contaminated  grass  crop,  was  evaluated
in laboratory  scale.  The  crop  used  was  wilted  to two  dry  matter  (DM)  levels:  low  (253  g
DM/kg) and  high  (372  g DM/kg).  Adult  slugs  were  applied  to  the low  DM  crop  correspond-
ing  to 5 (low level),  10 (medium)  and  20 (high  level)  7-g  sized  A. vulgaris  per  m2 in an
assumed  harvested  regrowth  yield  of 2.5  ton  DM  per  ha. For  the  high  DM  crop,  the  applied
slug  levels  corresponded  to  6 (low  level),  12  (medium)  and  24  (high  level)  slugs  per  m2.
At low  DM  level,  the effect  of  four  additive  treatments,  control  (C), inoculation  with
Lactobacillus  plantarum  (LP),  a  formic,  propionic  and  benzoic  acid  mixture  (ACID)  and a
chemical  additive  containing  benzoic  acid,  NaNO2, hexamethylenetetramine  and  propionic
acid  (CHEM)  were  tested.  Increasing  slug  contamination  gave  increasing  quality  reduc-
tions both  in  silages  containing  253 and 372  g  DM/kg.  Compared  with  untreated  silage,
LP-treatment  did  not  improve  silage  fermentation  quality  of contaminated  crops.  Treatment
with ACID  and  CHEM,  however,  considerably  improved  the  quality  of  heavily  contaminated
silages.  The  much  higher  crude  protein  concentration  in slugs  compared  to  grass  crop  made
slugs a more  “difﬁcult-to-ensile”  material.  Wilting  of the harvested  crop  to  372  g  DM/kg  was
not sufﬁcient  to control  silage  fermentation  of slug  contaminated  crop.  With  contamination
levels  from  138  to  553  g  fresh  slug  weight/kg  crop  DM,  efﬁcient  silage  additives  were  able
to ensure  acceptable  fermentation  quality  of grass  silages.
© 2014  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).Abbreviations: ACID, formic, propionic and benzoic acid mixture; AA, acetic acid; BA, butyric acid; BC, buffering capacity; C, control; CHEM, chemical
additive with benzoic acid, NaNO2 hexamethylenetetramine and propionic acid; CP, crude protein; DM, dry matter; FA, formic acid; FC, Fermentability
coefﬁcient; LA, lactic acid; LAB, lactic acid bacteria; LP, Lactobacillus plantarum inoculation; N, nitrogen; NADPH, Nicotinamide adenine dinucleotide
phosphate; PA, propionic acid; WSC, water soluble carbohydrates.
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. Introduction
Extensive invasions by the slugs Arion vulgaris (in name confusions also referred to as Arion lusitanicus)  onto farmland
ave recently been reported in northern Europe during wet summers (Spörndly and Haaga, 2010). The slugs originate from
 relatively dry climate in South France, where it operates in low densities, but have been wide spread in Europe the last
ecades. Adult slugs weigh around 10 g in August, with variation from 3 to 27 g within and between locations (Briner and
rank, 1998a). Dense populations of more than 50 slugs per square meter have been reported from wildﬂower strips and
eadows (Briner and Frank, 1998b). As a consequence, high amounts of slugs might contaminate grass silage and cause a
otential threat to animal feed quality.
Silage is the main form of preserved grass and other forages offered cattle and sheep in Europe and North America.
naerobic conditions and rapid lowering of pH by lactic acid fermentation are essential to obtain high quality silage. Forage
omposition (dry matter (DM), soluble sugars and nitrate, buffering capacity and lactic acid bacteria (LAB) content) together
ith the silage-making technique determines the success of the conservation process and thereby the feed quality (Driehuis
nd Oude Elferink, 2000). In order to control the silage fermentation process, a large number of additives (generally assigned
ither fermentation stimulants or inhibitors) are commercially available. Still, the use of silage additives varies a lot among
ountries. In Norway, for instance, approximately 3/4 of silages are additive treated (Wilkinson and Toivonen, 2003), tower
nd bunker silages to a greater extent than round bale silages. The ensiling process is very complex and may  be hard to
ontrol especially with low DM grass harvested under suboptimal conditions like rainy weather. Under such conditions are
lso slugs being active, and Swedish farmers experienced unspeciﬁc symptoms in cattle offered slug contaminated silage
arvested during the wet  summer in 2007. Addressing this problem, Spörndly and Haaga (2010) studied slug contaminated
ilage, untreated or treated with an acidic additive. They used juvenile slugs of 0.64 g in the primary growth, in relevant
ontamination levels for early summer, and concluded that silage quality was  not severely affected, possibly due to high
evels of LAB detected in the slugs. Slugs increase their weight considerably from early to late summer. It was therefore
ecessary to investigate slug contaminated silage also from the regrowth harvest. This study aimed to explore how invasive
lug populations of A. vulgaris inﬂuence fermentation quality, in-silo losses and aerobic stability of grass silage and the
fﬁciency of silage additives and wilting to control silage fermentation of slug contaminated crops. Microbiological aspects
f the same silages are reported and discussed elsewhere (Gismervik et al., 2014).
. Materials and methods
.1. Experimental design
The effect on silage quality of four levels, including control, of a slug contaminated grass crop, was  evaluated in a laboratory
cale ensiling study. The crop used was wilted to two  different DM levels: low (253 g DM/kg) and high (372 g DM/kg). At
ow DM level, the effect of four additive treatments, including control, was  tested in a 4 × 4 factorial arrangement with slug
ontamination using three replicates (altogether 48 silages). At high DM level, the four levels of slug contamination were
ested with three replicates without any additive treatment (12 silages).
.2. Crop for ensiling
The harvested crop was from the ﬁrst regrowth of a ﬁfth year organic meadow at the Norwegian University of Life
ciences, Ås, Norway. The sward was initially sown with 15 kg/ha of timothy (Phleum pratense) and 7 kg/ha of red clover
Trifolium pratense), but contained additionally a variety of herbs, legumes and weeds when harvested. In 2012 the sward
as fertilized with 30 ton per ha of diluted cattle manure on 2 May, and, following the primary growth harvest, with 15 ton
er ha on 15 June. It started raining on 16 June, and total precipitation until the regrowth harvest was 245 mm.  The crop
as mown 13 August 2012 at 12 h, and wilted in the ﬁeld for 2 h. Crop was ﬁlled into netting bags that allowed air to pass
hrough for further wilting. The bags were stored indoors at 12–15 ◦C overnight, because showers were expected. Low DM
rop was ensiled on 14 August. Crop for high DM silage was further wilted outdoors in the sun, spread on a trailer. The trailer
as moved indoors overnight. High DM crop was  ensiled on 15 August. Crops were chopped to approximately 30–50 mm
ength. The grass crop was not naturally contaminated by slugs.
.3. Slugs for ensiling
A. vulgaris were collected on four locations in South-East Norway (Horten municipality). All slugs were collected by night
t about 15 ◦C, 672 slugs on 12–13 and 13–14 of August (used for low DM silages) and 343 slugs on 14–15 of August (used
or high DM silages). The slugs were kept in plastic boxes (36 × 27 × 17 cm), 53–61 slugs from the same location in each
ox. Average weight of the slugs per box was calculated by dividing grams by number, and overall mean weight for slugs
ollected were 7.0 g (low DM)  and 6.1 g (high DM silages). To prevent the slugs from emptying their intestine, they were
ffered fresh plant leaves (Taraxacum ofﬁcinale, Dactylis glomerata,  Rumex longifolius,  Trifolium repens and T. pratense) from
he locations they were collected. Slugs were kept at 18–19 ◦C until ensiled.
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For each replicate of silages, the corresponding number of slugs to be added was collected evenly from each storage box.
Half of the slugs were cut by scissors, to simulate the harvesting process where slugs partly get mashed or cut, and the slug
mass was mixed by hand. The amount of slugs applied to the low DM crop were 138, 277 and 553 g fresh slug weight per kg
crop DM corresponding to 5 (low level), 10 (medium) and 20 (high level) 7-g sized mature A. vulgaris per m2 in an assumed
harvested regrowth yield of 2.5 ton DM per ha. For the high DM crop, the applied slug weight was  167, 333, and 669 g per
kg crop DM corresponding to 6 (low level), 12 (medium) and 24 (high level) 7-g sized slugs per m2 with the same harvested
yield. The higher slug levels added to high than to low DM crop, was due to slightly lower DM level in wilted crop than
assumed during preparation of the silages.
2.4. Silage additives
Four additive treatments, applied at 4 ml/kg of the fresh crop and slug mixture, were used for low DM silage: 1. Control
(C; no additive applied), 2. Inoculation with two  strains of Lactobacillus plantarum (LP; Kofasil Life, Addcon, Europe GmbH,
Bonn, Germany). The freeze-dried pre mixture of LP plus growth medium was  activated with water at 20 ◦C for 48 h and
applied giving, according to manufacturer, a minimum of 4 × 105 CFU/g of the fresh crop and slug mixture. 3. Acid-treatment
(ACID); 57.8% formic acid, 12.0% propionic acid and 1.5% benzoic acid (GrasAAT Plus, Addcon Nordic AS, Porsgrunn, Norway).
4. Chemical treatment (CHEM); 11.0% benzoic acid, 10.4% NaNO2, 6.9% hexamethylenetetramine and 3.3% propionic acid
(Kofasil Ultra, Addcon Europe GmbH, Bonn, Germany).
2.5. Ensiling
Portions of crops for silages were weighed (1000 g for each portion of low DM silage and 900 g for each portion of high DM
silage) and placed on plastic sheets of approximately 1 m2. Slugs were added to each crop portion according to plan. Crop
and slugs were thereafter mixed by hand and spread out in a thin layer on the sheet for application of silage additives using
micro pipette. The mass was then thoroughly mixed by hand, ﬁlled into plastic bags and sealed using Magic Vac Maxima
vacuum system (Flaem Nuova S.p.A., Brescia, Italy). Silages were weighed individually. For Low DM silages, replicate one
was made at 10:15–13:00, replicate two at 13:00–15:10 and replicate three at 15:00–17:15. The three replicates of high DM
silages were made at 9:35–10:50, 10:45–11:50 and 12:30–14:00 the following day. Indoor temperature during the ensiling
work was approximately 25–28 ◦C. Silages were further stored at 15–20 ◦C.
2.6. Samples of fresh crop and slugs
During ensiling, a crop sample from each replicate within each crop DM level was frozen (−20 ◦C) for chemical analyses.
The slug mass added to each replicate was also sampled, kept at 4–6 ◦C in 24 h and frozen (−70 ◦C) for chemical analyses.
2.7. Silage opening and test of aerobic stability
Silages were opened in November, after 84, 90 and 97 days of storage for replicate 1, 2 and 3 of low DM silage, respectively,
and after 103 days for high DM silage. For unknown reason, ﬁve silages of low DM and two  silages of high DM were observed
with slight damage of the plastic, which had caused small spots of molds in the silage. These silages were omitted from all
results. No molds were observed in silages with undamaged plastic. Silages were weighed individually. Silage samples for
chemical analyses were immediately frozen (−20 ◦C).
Samples from each low DM silage (500 g) and high DM silage (400 g) were placed in perforated plastic bags in perforated
polystyrene boxes at 20 ◦C. The temperature of the silages and the ambient temperature were logged every 4 h for 14 days.
Silages were regarded stable until silage temperature reached 2 ◦C above ambient temperature.
2.8. Chemical analyses and calculations
Fresh crop samples were analyzed for buffering capacity according to Playne and McDonald (1966). Slug samples were
freeze dried and equilibrated to room humidity overnight, and milled to pass through a 1 mm screen (Retsch GmbH cutting
mill, Haan, Germany). The dried slug samples were further dried at 103 ◦C for 4 h for DM determination, analyzed for ash
(550 ◦C for 4 h), fat with Accelerated Solvent Extraction (ASE) 200 (Dionex, USA) using petroleum ether (Application note
345), and for total N as described below for crop samples.
Crop and silage samples were oven-dried at 60 ◦C to stable weight, at least 48 h, and weighed warm for DM determination.
All analyses were performed on undried samples that were homogenized in frozen condition using an IKA A 11 basic chopper
(IKA–Werke Gmbh&Co KG, Staufen im Breisgau, Germany). Crop and silage samples were analyzed for total nitrogen (N) for
determination of crude protein (CP; total N × 6.25) and water-soluble carbohydrates (WSC). Silage samples were additionally
analyzed for organic acids, 2,3-butandiol, ethanol, pH and ammonia-N. Total N was determined by the Kjeldahl method on
Kjeltec 2400 (Tecator AB, Höganäs, Sweden) using a Cu catalyst. For determination of WSC, samples were extracted in 0.05 M
Na-acetate buffer at room temperature for 18 h and ﬁltered through paper. Sucrose and fructans in the ﬁltered extract were
hydrolyzed with 0.074 M H2SO4 in 90 ◦C for 70 min. Monosaccharides were further converted to glucose-6-phosphate and
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Table 1
Effect of additive treatment and level of slug contamination on chemical composition of low dry matter grass silage.
Additive Slug level N DM,  g/kg g/kg DM NH3-value pH
CP WSC  LA FA AA PA BA Eth.
C None 3 251 123 17 104 0.0 22 0.0 0.8 11.5 120 4.07
Low  3 263 121 17 87 0.0 16 0.0 6.0 9.2 137 4.19
Med.  2 251 139 20 70 0.7 17 0.0 14.3 9.0 169 4.44
High  2 248 166 10 67 1.2 30 1.2 21.7 10.3 216 4.74
LP  None 2 262 116 20 102 0.0 20 0.0 0.7 9.3 121 4.03
Low  2 280 118 23 90 0.0 17 0.0 5.9 8.6 143 4.15
Med.  3 279 127 26 83 0.4 17 0.0 10.0 8.2 165 4.29
High  3 249 147 19 80 1.6 17 1.2 30.0 9.6 210 4.57
ACID  None 3 273 117 54 64 11.5 12 1.3 0.4 3.7 75 4.08
Low  3 279 121 56 68 11.5 14 1.8 1.1 4.3 107 4.11
Med.  3 251 150 49 80 12.5 17 2.1 2.8 4.8 124 4.19
High  3 262 144 24 83 10.4 21 2.7 7.0 4.6 168 4.28
CHEM  None 3 275 117 34 72 0.0 19 0.0 0.0 2.9 80 4.20
Low  2 273 127 31 65 0.0 16 0.0 0.0 2.9 105 4.25
Med.  3 263 145 29 88 0.0 22 0.0 0.0 3.8 103 4.28
High  3 264 144 27 89 0.0 22 0.1 0.4 3.0 137 4.37
SEMe 13.3 9.6 7.6 7.0 0.87 3.1 0.26 1.90 0.54 8.3 0.040
C  10 253 137 16a 82ab 0.5a 21 0.3a 10.7a 10.0a 161a 4.36a
LP 10 268 127 22ab 89a 0.5a 18 0.3a 11.6a 8.9b 160a 4.26b
ACID 12 266 133 46c 73b 11.5b 16 2.0b 2.8b 4.3c 118b 4.17c
CHEM 11 269 133 30b 78ab 0.0a 20 0.1a 0.1c 3.1d 106b 4.28b
SEMf 6.6 4.8 3.8 3.5 0.43 1.5 0.13 0.95 0.27 4.2 0.020
None  11 265 118a 31 85 2.9 18ab 0.3a 0.5a 6.9 99a 4.09a
Low 10 274 122a 31 77 2.9 16a 0.5a 3.2a 6.2 123b 4.17b
Med. 11 261 140b 31 80 3.4 18ab 0.5a 6.8b 6.4 140c 4.30c
High 11 255 150b 20 80 3.3 23b 1.3b 14.7c 6.9 183d 4.49d
SEMf 6.6 4.8 3.8 3.5 0.43 1.5 0.13 0.95 0.27 4.2 0.020
P  Additive 0.42 0.59 <0.001 0.05 <0.001 0.16 <0.001 <0.001 <0.001 <0.001 <0.001
P  Slugs 0.36 <0.001 0.13 0.52 0.79 0.05 <0.001 <0.001 0.33 <0.001 <0.001
P  A × S 0.92 0.84 0.70 0.007 0.80 0.58 0.23 <0.001 0.08 0.35 <0.001
C = control; LP = two strains of L. plantarum;  ACID = formic, propionic and benzoic acid; CHEM = benzoic acid, NaNO2, hexamethylenetetramine, propio-
nic  acid; DM = dry matter; CP = crude protein; WSC  = water-soluble carbohydrates; LA = lactic acid; FA = formic acid; AA = acetic acid; PA = propionic acid;
BA  = butyric acid; Eth. = ethanol; NH3–value = NH3–N, g/kg total N corrected for additive-derived NH3 (from CHEM).
a,b,c,dMeans with different letters differ at P<0.05.
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ructose-6-phospate by an enzymatic method using kit K-FRUGL (Megazyme, Wicklow, Ireland). The concentrations were
etermined spectrophotometrically by the increase in absorption of NADPH at 340 nm.  Silage samples were diluted with
istilled water and stored frozen, then thawed and ﬁltrated before analyzing lactic acid (LA), formic acid (FA), acetic acid
AA), propionic acid (PA), butyric acid (BA), 2,3 butanediol and ethanol using a Waters Alliance 2795 HPLC system (Separation
odule with a temperature control module II, range 40–70 ◦C) and Waters 2414 RI Detector (Waters Corp., Milford, MA,  USA).
eparation column was ReproGel H, 9 m 300 × 8 mm (Dr. A. Maisch, Ammerbuch, Germany) and pre-column ReproGel
, 9 m 30 × 8 mm (Dr. A. Maisch, Ammerbuch, Germany). Mobile phase was 0.005 M H2SO4 at 0.8 ml/min, and column
emperature 60 ◦C. pH was analyzed using a Termo Orion 420A+ pH-meter with Orion 9107BN electrode (Thermo Scientiﬁc,
everly, MA,  USA) and ammonia-N with MAN-TECH PC-titrate (Guelph, ON, Canada) using an Orion ion analyzer 901.
Oven DM contents of the silages were corrected for volatile loss according to the Nordic feed evaluation system NorFor
Åkerlind et al., 2011). Ammonia-N in silage derived from NaNO2, and hexamethylenetetramine in CHEM additive (46 g NH3
er kg) was subtracted from total N and NH3–N analyses, in order to express the amount of NH3–N originating from crop
roteolysis in the presented NH3-values (Table 1). For the 11 CHEM-treated silages (one of the 12 silages was omitted due
o plastic damage), the mean corrected NH3-value was 106, versus 135 for the uncorrected value.
.9. Statistical analyses
The chemical composition and aerobic stability of low DM silages were analyzed using the GLM procedure of SAS (release
.3, 2002–2010; SAS Institute inc., Cary, NC, USA), by the following model: Yijk =  + Ai + Sj + Ai × Sj + Rk + eijk, where  = general
ean, Ai = effect of additive treatment i, Sj = effect of slug level j, Ai × Sj = effect of interaction between additive i and slug
evel j, Rk = effect of replicate k and eijk is the random residual error. For high DM silages no additives were applied, so the Ai
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and Ai × Sj components were omitted from the model. Treatment means were separated using the PDIFF statement in SAS.
Results are given in least square (LS) means.
3. Results
3.1. Fresh crop composition
The crop used for low DM silage contained (mean ± SD) 253 ± 24 g DM/kg, and per kg DM:  120 ± 11 g CP, 46 ± 4 g WSC,
and had a buffering capacity (BC) of 28 ± 4 mEq  NaOH/100 g DM.  The crop used for high DM silage contained 372 ± 26 g
DM/kg, and per kg DM:  112 ± 6 g CP, 74 ± 12 g WSC, and had BC of 25 ± 2 mEq  NaOH/100 g DM.
3.2. Slug composition
The slugs used for low DM silage contained (mean ± SD) 173 ± 2.1 g DM/kg, and per kg DM:  842 ± 15.5 g organic matter,
552 ± 4.9 g CP and 74 ± 4.5 g fat. The slugs used for high DM silage contained 170 ± 9.2 g DM/kg, and per kg DM:  840 ± 5.6 g
organic matter, 594 ± 3.1 g CP and 72 ± 5.5 g fat. On DM basis, the slug inclusion constituted 0.026 (low slug level), 0.050
(medium slug level) and 0.096 (high slug level) of the ensiled low DM mixture of fresh crop plus slugs, and 0.029, 0.057 and
0.107, respectively, of the high DM ensiled mixture. Due to the high CP concentration in slug DM relative to crop CP, slug CP
constituted 0.104 (low slug level), 0.188 (medium) and 0.317 (high slug level) of total CP in the ensiled low DM mixture of
fresh crop plus slugs, and 0.142, 0.248 and 0.397, respectively, of the high DM ensiled mixture.
3.3. Silage fermentation quality
Chemical composition of low DM silage is presented in Table 1. Treatment with LP reduced pH (P=0.005) and ethanol
fermentation (P=0.02), but silage composition did otherwise not differ from C silage. ACID-treatment reduced BA (P<0.001),
ethanol (P<0.001) and NH3–N (P<0.001) concentrations, increased WSC  concentrations (P<0.001), and reduced pH compared
with C (P<0.001) and LP-treated (P=0.005) silage, and reduced LA concentration compared with LP-treatment (P=0.008).
CHEM-treatment reduced BA (P=0.005) and ethanol (P=0.005) concentrations compared with all other treatments, reduced
NH3–N concentrations compared with C (P<0.001) and LP-treatment (P<0.001), and reduced pH (P=0.02) and increased
WSC (P=0.02) concentration compared with C-treatment. Increasing levels of slug contamination increased concentrations
of CP, BA and NH3–N, and increased pH. The highest slug contamination increased PA concentrations (P<0.001), tended to
increase AA concentrations (P=0.05) and tended to reduce WSC  concentrations (P=0.05) compared with C-treatment. No
silage samples contained 2,3-butandiol.
Signiﬁcant additive by slug interactions were found for LA and BA concentrations and pH. Whereas C- and LP-treated
silage showed deceasing LA concentrations with increasing slug contamination, ACID- and CHEM-treated silage showed
increasing LA concentrations with increasing slug contamination. And, whereas C- and LP-treated silage displayed dramatic
increases in BA concentrations with increasing slug contamination, the corresponding BA increase was  moderate in ACID-
treated silage and absent in CHEM-treated silage. With increasing slug contamination, pH increased dramatically in C- and
LP-treated silage, but moderately in ACID- and CHEM-treated silage.
In high DM silage, increasing slug contamination decreased DM concentrations and increased concentrations of CP and
NH3–N, and pH (Table 2). The highest slug contamination decreased LA concentration (P=0.009) and increased PA (P<0.001)
and BA concentrations (P=0.02).
Table 2
Effect of level of slug contamination on chemical composition of untreated high dry matter grass silage.
Slug DM,  g/kg g/kg DM NH3-
value
level N CP WSC  LA FA AA PA BA Eth. pH
None 3 394a 106a 21 72a 0.0 14 0.0a 0.0 7.9 114a 4.20a
Low 3 376ab 123b 17 74a 0.0 15 0.0a 5.0 7.7 156b 4.36ab
Med. 2 362b 132c 14 79a 0.0 15 0.0a 9.2 8.3 170b 4.42b
High 2 333c 161d 16 50b 0.5 32 0.9b 20.8 8.1 206c 4.81c
SEMe 6.3 2.2 4.7 3.7 0.15 5.7 0.00 4.10 1.25 7.2 0.048
P  0.005 <0.001 0.82 0.01 0.29 0.26 <0.001 0.09 0.99 0.001 0.001
DM = dry matter; CP = crude protein; WSC  = water-soluble carbohydrates; LA = lactic acid; FA = formic acid; AA = acetic acid; PA = propionic acid; BA = butyric
acid;  Eth. = ethanol; NH3-value = NH3–N, g/kg total N.
a,b,c,dMeans with different letters differ at P<0.05.
e SEM must be multiplied with 1.225 for rows where N = 2.
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Table 3
Effect of additive treatment and level of slug contamination of low dry matter grass silage on weight loss during the anaerobic phase and on the subsequent
aerobic stability.
Silage
additive
Slug level N Weight
lossf, g/kg
Aerobicg
stability of all silages
Silages that
never heatedh
Silages that
heated
Aerobic stability of
heated silages
Hoursh N N Hours
C 10 17.5a 327 6 4 180
LP  10 17.2a 321 5 5 263
ACID  12 14.2b 318 6 6 236
CHEM  11 13.3b 342 7 4 227
SEMe 0.41 26.5 34.1i
None 11 13.8a 226a 2 9 194
Low 10 15.2b 342b 6 4 235
Med. 11 15.5b 378b 8 3 311
High 11 17.7c 362b 8 3 247
SEMe 0.41 26.5 25.5j
P Additive <0.001 NS 0.53
P  Slugs <0.001 0.003 0.18
P  A × S 0.09 NS k
C = control; LP = two strains of L. plantarum; ACID = formic, propionic and benzoic acid; CHEM = benzoic acid, NaNO2, hexamethylenetetramine, propionic
acid.
a, b, c:Means with different letters differ at P<0.05.
e SEM must be multiplied with 1.061 for rows where N = 11 and with 1.118 for rows where N = 10.
f Weight loss included applied additives and slugs.
g Aerobic stability was  measured as hours to reach 2 ◦C above ambient temperature.
h Several silages did not reach 2 ◦C above ambient temperature during the 14-d test period. For those silages, the time to reach 2 ◦C above ambient
temperature was set to 400 h (≈17 d).
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a
ai SEM must be multiplied with 1.094 for rows where N = 5 and with 1.223 for rows where N = 4.
j SEM must be multiplied with 1.502 for rows where N = 4 and with 1.733 for rows where N = 3.
k Additive × Slug interaction could not be estimated.
.4. Weight loss
The weight loss of low DM silage during the anaerobic phase was  higher for C and LP-treated silage compared with ACID-
r CHEM-treated silage (Table 3). Weight losses increased with increasing slug contamination for both low (Table 3) and
igh DM silage (Table 4).
.5. Aerobic stability of silage
Several silages did not reach 2 ◦C above ambient temperature during the 14-day aerobic stability test. For those silages,
he time to reach 2 ◦C above ambient temperature was set to 400 h (≈17 d). Thereafter, statistical analysis of hours to reach
◦C above ambient was done for all silages, and alone for the silages that actually heated (Tables 3 and 4). Additive treatment
id not affect the aerobic stability of low DM silage. A smaller proportion of the slug contaminated silages (10 of 32 silages)
han of the silages without slugs (9 of 11 silages) heated within 14 days, and the time taken to reach 2 ◦C above ambient
emperature was longer for contaminated than for not contaminated silages. This was the case both when all low DM silages
able 4
ffect of level of slug contamination of high dry matter grass silage on weight loss during the anaerobic phase and on the subsequent aerobic stability.
Slug
level
N Weight
lossd
Aerobic
stabilitye
of all silages
Silages that
never
heatedf
Silages that
heated
Aerobic
stability
of heated
silages
g/kg  Hoursf N N Hours
None 3 20.1a 246a 0 3 246
Low  3 21.0a 400b 3 0
Med.  2 23.4b 400b 2 0
High  2 26.9c 400b 2 0
SEMe 0.48 27.5
P  <0.001 0.02
, b, c:Means with different letters differ at P<0.05.
d Weight loss included slugs.
e Aerobic stability was  measured as hours to reach 2 ◦C above ambient temperature.
f The slug contaminated silages did not reach 2 ◦C above ambient temperature during the 14-d test period. For those silages, the time to reach 2 ◦C above
mbient temperature was  set to 400 h (≈17 d).
g SEM must be multiplied with 1.225 for rows where N = 2.
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were considered (P<0.001), and for the heated silages alone (P=0.07). The three high DM silages without slugs heated after
246 h of aeration, whereas none of the seven slug contaminated silages heated. When time to reach 2 ◦C above ambient
temperature was set to 400 h for those, they were more stable than the three not contaminated silages.
4. Discussion
4.1. Crop for ensiling
The harvested crop had low buffering capacity, and fairly high DM and WSC  concentrations. The higher WSC  concentration
in the high, compared with the low, DM crop was  probably due to degradation of hemicellulose by plant enzymes during
the prolonged wilting (McDonald et al., 1991). Calculated fermentability coefﬁcients (FC) (Weissbach and Honig, 1996) were
38 for the low and 61 for high DM crop. This indicated that only well fermented silage was expected from the high DM crop
(FC above 45). From the low DM crop, well fermented silage was expected if LAB count exceeded 105 CFU/g fresh weight or
if NO3 content exceeded 0.5 g/kg DM (FC above 35).
4.2. Level of slug contamination
Kozlowski (2007) revealed high differentiations in slug incidence at different types of locations during 1995–2005 in
Poland, ranging from a few to 100 slugs/m2 depending on the locality. On average 12 slugs/m2 were counted in balks,
ﬁeld ridges and ﬁelds with high weed density and barren lands. Slug densities of 100 slugs/m2 were recorded from typical
gathering sites with fresh plant debris, compost, deep ditches and shaded slopes of watercourses. In another study from
Poland, an average number of 16.8 slugs/m2 were observed in July in a clover cultivation (Kozlowski and Kozlowski, 2011).
In a similar laboratory scale study performed in Sweden, Spörndly and Haaga applied, per kg crop DM,  approximately 0,
26, 57 and 118 g of juvenile A. vulgaris, with an average weight of 0.64 g, to a primary growth harvest in late May  (Spörndly
and Haaga, 2010). Compared with the Swedish study, the slug contamination in the present study was roughly a half on
the number of slug basis, but ﬁve times as high on a g slug per kg crop DM basis, because each slug was approximately 10
times bigger. The two studies represent relevant contamination levels that are observed in the two  countries in early and
late summer, respectively.
On a slug weight per kg crop DM basis, all contamination levels in the Swedish study were below the lowest contamination
level in the present Norwegian study. Using a silage crop wilted to 370 g DM/kg, Spörndly and Haaga (2010) observed
increased LA concentrations and reduced pH in all levels of slug contaminated silage, compared with control silage. They
attributed this to the observation that the slugs contained a higher LAB concentration (5.5 log CFU/g) than the harvested
crop (2.8 log CFU/g), and concluded that adding juvenile slugs to a crop for silage to some extent resembled the effect of
adding silage inoculants (Spörndly and Haaga, 2010). No such effect of slug contamination on the chemical composition of
silage was observed in the present study.
4.3. Silage fermentation quality
According to Norwegian recommendations (Euroﬁns, 2010), maximum values of organic acids in well-fermented silage
with DM concentrations up to 250 g/kg, are (g/kg DM): 3 BA, 30 AA and 80 LA. Silages with higher DM should contain lower
levels. The concentrations of FA and PA should reﬂect the amounts applied with silage additives, or otherwise be below
2 g/kg DM.  The concentration of total acids should be below 100 g/kg DM.  Ethanol should be at a maximum of 7 g/kg DM.
The ammonia value (NH3–N, g/kg total N) should be at a maximum of 80, and for silages with DM concentrations below
250 g/kg, pH should be below 4.2.
According to these recommendations, only ACID- and CHEM-treated low DM silage without slug contamination could be
regarded as well fermented (Table 1). All other silages exceeded the maximum ammonia value. All C- and LP-treated slug
contaminated silages, and ACID-treated silage with the highest slug contamination, additionally exceeded the upper limit
for BA concentration. CHEM-treatment effectively inhibited BA fermentation even at the highest level of slug contamination.
These ﬁndings are supported by microbial enumerations from silages in the same study (Gismervik et al., 2014), where the
BA producing Clostridium tyrobutyricum increased with increasing slug contamination and only silages without slugs and
silages treated with CHEM had non-detectable levels. CHEM contains nitrite, known for efﬁcient clostridia inhibition, and
also hexamine that combined with nitrite is found to inhibit clostridia (Woolford, 1975; Spoelstra, 1985; Knicky´ and Lingvall,
2001). Ethanol concentrations were above the recommended level for all C- and LP-treated silages, but within recommended
levels for all ACID- and CHEM-treated silages.
Although LP-treatment, compared with C treatment, slightly reduced ethanol and pH values, and numerically obtained
somewhat higher WSC  and LA concentrations in slug contaminated silage, it was  not a reliable silage additive for use in
highly slug contaminated crops. ACID- and CHEM-treatment, however, considerably improved fermentation quality of slug
contaminated silage. At the highest contamination level CHEM was  even more effective than ACID, possibly due to its strong
inhibitory effect against Clostridium spp. that restricted BA fermentation in silage. The increased silage CP concentrations
with increasing slug contamination followed closely the calculated CP concentrations in the fresh crop plus slug mixtures
ensiled. For the low DM mixture, calculated CP concentrations were 120, 130, 139 and 157 g/kg DM for contamination level
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one, low, medium and high, respectively. With increasing slug contamination, increasing proportions from 0 to 0.32 of
he initial ensiled CP were derived from slugs. The much higher CP concentration makes slugs a more “difﬁcult-to-ensile”
aterial than grass crops. This may  have contributed to an even stronger increase in silage ammonia values, than in CP
alues, indicating increased proteolysis of crop and/or slug protein with increasing contamination level. This was in line
ith the increasing silage pH and BA fermentation with increasing slug levels. Spörndly and Haaga (2010) also observed
ncreased ammonia values in slug contaminated silage.
The decreasing silage DM concentrations with increasing slug contamination in high DM silages (Table 2) followed a
alculated declining DM concentration in the ensiled crop plus slug mixture. The fermentation qualities obtained in high DM
ilages were similar to those obtained in C-treated low DM silage. The calculated FC (Weissbach and Honig, 1996) suggested
hat the high DM crop was easy to ensile without additive treatment. Apart from a moderate exceed of the limit for ammonia
alue, the uncontaminated high DM silage was well fermented. Similarly, for low DM crop, C and LP treated uncontaminated
ilages were of acceptable quality in spite of their ammonia values, in line with the calculated FC. The reduced extent of
ermentation often observed due to lower water activity in high DM crop was not sufﬁcient to preserve slug contaminated
ilages, where up to 0.4 of CP in the ensiled crop and slug mixture was derived from slugs. A demand for effective silage
dditives was surely apparent also for high DM crop.
In line with McDonald et al. (1991) and Randby (2000) ACID-treatment restricted LA fermentation in the relatively
easy-to-ensile” uncontaminated crop but encouraged LA fermentation in the “difﬁcult to ensile” crop (medium or high
lug contamination). Restricted fermentation generally improves silage intake by dairy cows, but when crops are difﬁcult
o ensile, avoidance of butyric acid fermentation is more important. Low levels of PA and FA detected in silages that are not
reated with acids indicate their production during the course of fermentation. In line with previous research (Randby, 2000),
his occurred only in poorly fermented silages with high pH, as was  the case for silages contaminated with the medium or
igh slug levels. Propionic acid bacteria grow at high pH only (McDonald et al., 1991). The observed weight losses during
he silage fermentation are caused by gas, primarily CO2, produced during fermentation and escaping through the plastic
over of the silages (Tables 3 and 4). Those losses were closely related to the extent of poor fermentation. Volatile fatty acids
nd ammonia have greater depressive effects on intake than LA (Huhtanen et al., 2002). ACID- and CHEM-treatment would
herefore be expected to improve silage intake.
.4. Expected silage intake
Attempting to evaluate differences in expected silage intake, the relative silage DM intake index (SDMI-index) was
alculated according to Huhtanen et al. (2002). The revised SDMI-index (Huhtanen et al., 2007) was not chosen because
t was developed using few poorly fermented silages, and do not contain a clear measure of secondary fermentation (BA
r ammonia). The revised index may  therefore overestimate the intake of very poorly fermented silages (Huhtanen et al.,
007). Evaluated according to Huhtanen et al. (2002), all silages in the present study apart from ACID- and CHEM-treated
ncontaminated low DM silage were classiﬁed as poorly, or secondarily, fermented.
The original SDMI-index was calculated based on silage digestible organic matter per kg DM (DOMD) and concentrations
f total acids (LA + AA + PA + BA) and NH3–N in total N (Huhtanen et al., 2002). An assumed, low value, ﬁxed for all silages,
00 g DOMD was used. This reﬂected the high maturity of the crop that was harvested 2 months following the primary
rowth harvest, however, the chosen level does not inﬂuence the relative differences between silages. The highest SDMI-
ndex, 84, was found for ACID-treated uncontaminated, low DM silage, and the lowest index, 74, for LP-treated low DM silage
ontaminated with the highest slug level. On average over slug contamination levels, C-, LP-, ACID- and CHEM-treatment
roduced SDMI-indexes of 77, 77, 81 and 80 (SEM = 0.53, P<0.001), suggesting that cows would depress intake by 5% when
ffered C- or LP-treated silage, and with 2% when offered CHEM-treated silage, compared with ACID-treated silage. On
verage over additive treatments, the slug contamination levels none, low, medium and high produced SDMI-indexes of 80,
0, 79 and 76 (SEM = 0.53, P<0.001), suggesting that the highest slug contamination would depress intake with 5% compared
ith uncontaminated silage. For high DM untreated crop, SDMI-indexes of the four increasing slug levels were 82, 80, 78
nd 77 (SEM = 0.40, P=0.001), suggesting that the highest slug contamination would depress intake with 6% compared with
ncontaminated crop. These estimates do not take into consideration the possibility that BA fermentation may  reduce silage
OMD concentrations (McDonald et al., 1991), neither the possible effects on the immediate smell, taste or palatability of
he silages caused by the slugs therein. Farmers in both Sweden and Norway have reported that cattle were reluctant to
onsume freshly harvested grass and silage with a high degree of slug contamination (Spörndly and Haaga, 2010), implying
hat this may  be a problem.
.5. Aerobic stability of silages
The higher aerobic stability of slug contaminated, compared with uncontaminated, silage was probably due to their
igher content of BA and NH3–N, and lower WSC  concentration. Extensively fermented silages with high concentrations
f fermentation products, particularly BA, and limited concentrations of residual WSC  are known to have higher aerobic
tability than well fermented silage (McDonald et al., 1991). When the aerobic test was completed after 14 days, and silages
ere removed from the polystyrene boxes, most slug contaminated silages still looked as they did at the beginning of the
tability test, whereas most uncontaminated silages had spots of, or were overgrown by molds. In silage studies where only
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minor levels of butyric acid are found, ACID- and CHEM-treated silages are normally more stable than untreated or LP-treated
silage, in spite of their higher residual sugar concentration (Randby, 2010). Silages inoculated with homofermentative strains
of L. plantarum,  as in the present study, are often found to be less stable than untreated silage (Muck, 2012). The relatively high
numerical value for aerobic stability found for LP treated silage in this study might be due mainly to its high concentrations
of BA. The lack of signiﬁcant differences in aerobic stability between silage-additive treatments in this study may  be due to
the factorial arrangement with slug contaminated poorly fermented silages, and the low number of replicate silages that
actually heated.
4.6. On farm considerations
Heavily slug invaded grass meadows might often be wet (<25% DM). Based on this study, wilting after mowing would
not be sufﬁcient to control the ensiling processes with slugs of high moisture and protein content. Although preventive
measures that could reduce the slug invasion might be the ideal effort, the use of additives based on acids or other chemicals
may ensure silage of acceptable fermentation quality.
5. Conclusion
Slug invasion by adult A. vulgaris into regrowth silage crops may  severely disturb silage fermentation. Increasing slug
contamination gave increasing quality reductions both in silages containing 253 and 372 g DM/kg. Compared with untreated
silage, LP-treatment did not improve fermentation quality of contaminated crop. Treatment with ACID and CHEM, however,
considerably improved the quality, even of heavily contaminated silages.
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